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Myotonic dystrophy protein kinase (DMPK) prevents 
ROS-induced cell death by assembling a hexokinase 
ll-Src complex on the mitochondrial surface 

B Pantic 1,2 , E Trevisan 1 ' 2 , A Citta 2 , MP Rigobello 2 , 0 Marin 2,3 , P Bernardi 1,2 , S Salvatori 2 and A Rasola*' 1 ' 2 

The biological functions of myotonic dystrophy protein kinase (DMPK), a serine/threonine kinase whose gene mutations cause 
myotonic dystrophy type 1 (DM1), remain poorly understood. Several DMPK isoforms exist, and the long ones (DMPK-A/B/C/D) 
are associated with the mitochondria, where they exert unknown activities. We have studied the isoform A of DMPK, which we 
have found to be prevalently associated to the outer mitochondrial membrane. The kinase activity of mitochondrial DMPK 
protects cells from oxidative stress and from the ensuing opening of the mitochondrial permeability transition pore (PTP), which 
would otherwise irreversibly commit cells to death. We observe that DMPK (i) increases the mitochondrial localization of 
hexokinase II (HK II), (ii) forms a multimeric complex with HK II and with the active form of the tyrosine kinase Src, binding its SH3 
domain and (iii) it is tyrosine-phosphorylated by Src. Both interaction among these proteins and tyrosine phosphorylation of 
DMPK are increased under oxidative stress, and Src inhibition selectively enhances death in DMPK-expressing cells after HK II 
detachment from the mitochondria. Down-modulation of DMPK abolishes the appearance of muscle markers in in vitro 
myogenesis, which is rescued by oxidant scavenging. Our data indicate that, together with HK II and Src, mitochondrial DMPK is 
part of a multimolecular complex endowed with antioxidant and pro-survival properties that could be relevant during the function 
and differentiation of muscle fibers. 
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Nucleotide triplet expansions in the gene encoding for 
myotonic dystrophy protein kinase (DMPK) cause the most 
frequent form of muscular dystrophy during adulthood, 
myotonic dystrophy type 1 (DM1). 1 Expanded (CTG) n repeats 
in the 3'-untranslated region (UTR) of the DMPK gene are 
responsible for the complex and multisystemic phenotypic 
traits of DM1 , as aberrant DMPK transcripts accumulate in the 
nucleus and act in trans on the splicing and expression levels 
of numerous other genes. 2,3 In addition, DM1 is characterized 
by DMPK haploinsufficiency, 4-6 whose pathological rele- 
vance is highlighted by the finding that deletion of the DMPK 
gene in mice causes late onset myopathy and cardiac 
abnormalities strikingly similar to those of DM1 patients, 7 ' 8 
where they constitute main causes of lethality. 9 However, the 
comprehension of the role played by DMPK in DM1 is 
hampered by the absence of an extensive characterization 
of its intracellular functions. 

The discovery of a small set of targets of DMPK 
enzymatic activity suggested its involvement in diverse 
biological processes, including: (i) splicing regulation, as 
DMPK phosphorylates the RNA CUG-binding protein 



CUG-BP/hNab50; (ii) modulation of CI" currents and of 
intracellular Ca 2+ homeostasis, after the identification of 
phospholemman and phospholamban as DMPK substrates; 
and (iii) cytoskeletal rearrangements and protein quality 
control, as DMPK interacts with myosin phosphatase-target 
subunit 1 and with chaperones such as MKBP/HSPB2 
(reviewed in Kaliman et a/ 10 ), aB-crystallin/HSPB5 and 
HSP25/HSPB1. 11 Nevertheless, DMPK involvement in 
specific biochemical pathways remains poorly understood. 
Four out of the seven human DMPK isoforms, that is, the 
high-molecular weight DMPK-A/B/C/D, are anchored on the 
cytosolic side of the outer mitochondrial membrane (OMM) 
with their hydrophobic C-terminal tail; 12 ' 13 and clues of 
DMPK-related mitochondrial dysfunction have been reported. 
Indeed, muscle fibers from DMPK~'~ mice display swollen 
mitochondria with an abnormal ultrastructural organization. 8 
Biological processes in which mitochondria have a pivotal 
role, such as regulation of Ca 2+ homeostasis and apoptosis, 
are altered by changes in DMPK expression. DMPK~'~ 
cardiomyocytes display increased levels of intracellular 
Ca 2 + , 14 whereas the apoptotic process is affected when the 
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levels of DMPK expression are modulated. 15 ' 16 Increased levels 
of reactive oxygen species (ROS) and apoptotic cell death have 
been reported in myotubes differentiated from DM1 primary 
myoblasts 17 and DM1 muscle biopsies, 18 whereas myoblasts 
expressing (CTG) 160 repeats are more susceptible to apoptosis 
induced by oxidative stress. 19 Moreover, an antioxidative and 
anti-apoptotic role of the DMPK-interacting chaperone MKBP/ 
HSPB2 was postulated, 20 ' 21 and oxidative insults could 
contribute to the stress-induced premature senescence that 
is observed in DM1 satellite cells 22 Notably, muscles are 
subjected to repeated excitation-contraction cycles, which are 
characterized by continual series of redox changes; 23 ' 24 and 
an altered redox homeostasis could be involved in human 
muscle chronic diseases, including dystrophies. 25 Indeed, 
redox changes must be strictly controlled in order to avoid 
oxidative damage: a rise in oxidants can prompt opening 
of the permeability transition pore (PTP) in the inner mitochon- 
drial membrane, irreversibly committing cells to death 26 
Proteinaceous regulators of the PTP include the chaperone 
cyclophilin D (CyP-D) in the mitochondrial matrix and 
the isoform II of hexokinase (HK II) on the OMM. 27 ' 28 
Mitochondrial HK II was found to decrease ROS levels and 
to inhibit PTP opening induced by oxidative stress. 29 ' 30 HK II 
binding to mitochondria is regulated by kinase signaling 
pathways, 31 ' 32 and physiological ROS contribute to the tuning of 
signal transduction cascades 33 Among these, tyrosine kinases 
of the Src family require ROS for a full enzymatic activity; 34 in 
turn, Src can regulate ROS production in localized subcellular 
districts, 35 including mitochondria, where Src kinases can 
locate 36 to modulate the activity of several targets 37 

We show here that mitochondrial DMPK, HK II and Src form 
a multimeric complex on the OMM that protects cells from 
oxidative stress. The antioxidant and pro-survival properties of 
such a complex could have a relevant defensive role in a variety 
of stressful conditions, including redox changes occurring in the 
course of muscle fiber differentiation and function. 

Results 

The human isoform A of DMPK displays a wide tissue 
distribution and is endowed with a C-terminal tail that can 
target it to organelles. 12 In order to study its intracellular 
distribution and biological activity, we chose human osteo- 
sarcoma SAOS-2 cells as a model of recipient cells that do not 
show detectable levels of endogenous DMPK. Cells were 
stably transfected either with the wild-type protein or with a 
kinase-dead (KD) mutant (Figure 1a; transfected cells were 
dubbed SAOS-2-DMPK and SAOS-2-DMPK KD, respe- 
ctively), and we found most DMPK in the mitochondrial fraction 
(Figure 1b). A densitometric analysis performed on equal 
amounts of mitochondria and cytosol and normalized for the 
total protein content of each fraction showed that at least 85% 
of expressed DMPK is mitochondrial (data not shown). 
In accord with data from others, 12 DMPK was associated to 
the OMM, as it was fully digested by trypsin under conditions that 
only disrupt external mitochondrial markers (the outer membrane 
proteins Bcl-X L and TOM-20) without affecting either intermem- 
brane space (AIF and Omi) or matrix (CyP-D) components 
(Figure 1c). SAOS-2-DMPK cells were characterized by a lower 
level of mitochondrial superoxide with respect to their mock 



counterparts (Figure 1d), without any detectable change in the 
mitochondrial membrane potential or mass, in intracellular ATP 
levels or in oxygen consumption rate (OCR; Supplementary 
Figure S1). In most cell types, mitochondria are the main 
producers of ROS, which are involved in a variety of biological 
processes, including induction of cell death when their level rises 
above a critical threshold 38 To evaluate whether DMPK could 
have an impact on cell viability by modulating the mitochondrial 
redox equilibrium, we placed cells in a medium containing 
pyruvate and glutamine, but devoid of serum and glucose. Under 
these conditions, ROS levels are boosted, as cells are forced to 
utilize the mitochondrial metabolism (see the massive inhibitory 
effect of the ATP synthase blocker oligomycin on the ATP levels 
of depleted cells; Supplementary Figure S1d), thus enhancing 
ROS production by respiratory chain complexes; at the same 
time cells cannot use glucose to maintain the redox equilibrium 
through the pentose phosphate pathway (see the DMPK-related 
differences in the content of oxidized glutathione without 
changes in the activity of glutathione recycling enzymes, total 
glutathione and manganese superoxide dismutase (MnSOD) 
levels; Supplementary Figure S2). Indeed, serum and glucose 
depletion caused a massive increase of mitochondrial super- 
oxide levels in SAOS-2-mock cells (Figure 1d), which underwent 
extensive death (Figures 1 e and f) caused by oxidative stress, as 
the antioxidant N-acetyl cysteine (NAC) inhibited both the rise of 
superoxide levels and cell death (Figures 1 d— f). Remarkably, 
DMPK expression rescued cells from both superoxide increase 
and oxidative damage, but these protective effects were 
totally lost in SAOS-2 cells expressing a KD DMPK mutant 
(Figures 1 d— f). DMPK expression also inhibited the surge of 
mitochondrial ROS and the ensuing mitochondrial depolarization 
when SAOS-2 cells were exposed to the thiol-oxidant agent 
diamide (Supplementary Figure S3). Taken together, these 
results indicate that DMPK exerts an antioxidant role which 
requires its enzymatic activity. 

An increase in mitochondrial superoxide levels can lead to 
cell death through opening of the mitochondrial PTP 26 which 
is inhibited by cyclosporin A (CsA) through binding of the PTP 
regulator CyP-D 27 We observed that CsA inhibited cell death 
induced by serum and glucose starvation, whereas both its 
inactive analogue cyclosporin H (CsH), and FK506, which 
inhibits calcineurin, that is a cytosolic target of CsA, were 
ineffective (Figure 2a). It was recently demonstrated that the 
mitochondrial localization of HK II suppresses ROS produc- 
tion by these organelles, 30 ' 39 whereas HK II detachment from 
the OMM leads to a rapid PTP opening and cell death 40 
We observed that a higher level of HK II does associate with 
mitochondria in DMPK-expressing cells, both in complete 
medium and after serum and glucose withdrawal (Figure 2b). 
The HK inhibitor 5-thio-glucose (5-TG) abrogated both ROS 
increase (Figure 2c) and cell death prompted by serum and 
glucose depletion in SAOS-2-mock cells (Figure 2d), whereas 
in these conditions 5-TG kept HK II bound to mitochondria 
(Figure 2e). In addition, a cell permeable synthetic peptide 
(TAT-HK II), that specifically displaces HK II from OMM, 40 
markedly increased mitochondrial superoxide levels in SAOS- 
2 cells and completely abolished the differences between 
mock and DMPK-expressing cells (Figure 2f). These results 
demonstrate that a ROS-induced opening of the PTP is the 
mechanism that leads to SAOS-2 cell death after serum and 
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Figure 1 Human DMPK isoform A (hDMPK-A) associates with the mitochondria and its kinase activity prevents ROS-induced cell death, (a) hDMPK-A expression on 
human osteosarcoma SAOS-2 cells stably transfected with plasmids carrying either a mock construct or a wild-type hDMPK-A or a KD hDMPK-A mutant. GAPDH was used as a 
loading control of the western immunoblot. (b) Subcellular fractionation and western immunoblot of the mitochondrial and cytosolic fractions of SA0S-2-DMPK cells. PARP and 
caspase-8 were used as the nuclear and cytosolic markers, respectively; Bcl-X L and CyP-D were used as mitochondrial markers. Thirty micrograms of cytosolic or mitochondrial 
proteins were loaded per lane, (c) Partial trypsin digestion of mitochondria isolated from SAOS-2-DMPK cells. PARP, caspase-8 and cPLA2 were used as cytosolic markers; 
calnexin as endoplasmic reticulum marker; Bcl-X L and Tom-20 as OMM markers; AIF and Omi as mitochondrial intermembrane space markers and CyP-D as a marker of 
mitochondrial matrix. Fifty micrograms of mitochondrial or total cell lysates were loaded per lane, (d) Cytofluorimetric analysis of mitochondrial superoxide levels in complete 
medium (Basal) or after 24 h of serum and glucose depletion (Depl) of SAOS-2 cells in the absence and presence of N-acetyl cysteine (NAC, 1 mM). Bars show the mean 
fluorescence intensity ± S.D. of the Mitosox probe for 10 4 recorded cells (n= 3, *P<0.05; **P<0.01). (e) Cytofluorimetric analysis of cell death in complete medium (Basal) or 
after 24 h of serum and glucose depletion (Depl). Bars represent mean percentages ±S.D. of viable, Annexin-V and propidium iodide negative, cells {n=3, *P<0.05; 
**P<0.01). (f) Representative traces of cytofluorimetric cell death analysis by Annexin-V and propidium iodide staining. In red, double negative, viable cells; in green, Annexin-V 
positive, apoptotic cells; in blue, Annexin-V/PI double positive, late apoptotic cells; in black, PI positive, necrotic cells. Numbers indicate the percentages of viable cells 



glucose starvation, and that DMPK protects cells by increas- 
ing HK II binding to mitochondria, thus keeping low the 
mitochondrial ROS levels. 

In accord with this model, DMPK co-immunoprecipitated 
with HK II both in basal conditions and after starvation, and 
this interaction did not alter the well-known association of HK II 
with VDAC1 (Figure 3a). Given that the mitochondrial 
localization of HK II is regulated by kinase signaling, 31,32 we 
explored the possibility that also the interaction between HK II 
and DMPK could be modulated by phosphorylation events. An 
in silico analysis revealed a proline-rich region in the DMPK 
sequence, the amino-acid stretch in position 350-356, on the 
exposed surface in the AGC-kinase C-terminal region, which 
constitutes a non-canonical class I recognition-binding site for 
the SH3 domain of the Src tyrosine kinase family (ELM — the 
database of eukaryotic linear motifs (PMID:221 10040)). 



Prompted by this observation, we investigated whether 
Src interacts with HK ll/DMPK and found that (i) Src 
co-immunoprecipitates with HK II, (ii) the presence of DMPK 
strongly enhances the HK ll/Src interaction and (iii) a fraction 
of Src associated with HK II and DMPK is in its active form 
(Figure 3a). Conversely, both HK II and DMPK co-immuno- 
precipitated with Src (Figure 3b), and this interaction 
was markedly increased after serum and glucose depletion 
(Figure 3b), when the tyrosine kinase activity of Src was 
also enhanced (Figure 3a). In accord with the in silico 
analysis, we also found an interaction between DMPK and 
the SH3 domain of Src (Figure 3c), and Src partially localized 
in the mitochondria (Figure 3d). Moreover, treatment with a 
specific dual site Src inhibitor, Srcl-1, followed by a low 
concentration of TAT-HK II peptide (that did not affect 
cell survival per se) selectively induced cell death in 



Cell Death and Disease 



Death inhibition by mitochondrial DMPK/HK ll/Src 

B Pantic etal 



SAOS-2 
mock 



SAOS-2 
1 DMPK 



100 




SAOS-2 



Mitochondria Cytosol 



mock DMPK mock 



Basal 



DepI DepI + DepI 



DepI 





B D B D 


B 


100- 


I 




75- 






55- 






30- 






e 


SAOS-2-mock 





VDAC1 



+ CsH FK506 +CsA +NAC 



Cytosol Mito 




5-TG 
100 



55 



30 -[ 



SAOS-2 
mock 



SAOS-2 
1 DMPK 



16 



HKII 

| Caspase-8 
| VDAC1 
Tom-20 



^ 2.0 n 

i w 1.5 



1.0 



.2? 0.5 



Basal 



DepI 
+5-TG 



i 



DepI 



DepI 
+5-TG 



. SAOS-2 
mock 



2000 



g 1500 



HKII 
DMPK 
Caspase-8 ^ 



1000 



o 500 




f 6000 



S 4500 



= 3000 



o 500 



Basal DepI 



, SAOS-2 



mock 



DepI 
+ 5-TG 



SAOS-2 
DMPK 



i 




Basal 



Basal 
+TAT-HK 



DepI 



DepI 
+TAT-HK 



Figure 2 DMPK protects from mitochondrial ROS and cell death by favoring HK II association with the mitochondria, (a) Cytofluorimetric analysis of cell death was 
performed as in Figure 1e on SAOS-2 cells kept in complete medium (Basal) or after 16 h of serum and glucose depletion (DepI) in the presence of the PTP inhibitor CsA 
(1.6 ^M) or its negative controls CsH and FK506 (1.6 fiM each) or NAC (1 mM). Bars represent mean percentages ± S.D. (n = 3, *P<0.05). (b) Western immunoblot of 
mitochondrial and cytosolic fractions of SAOS-2 cells grown either in basal condition (B, complete medium) or without serum and glucose for 8h (D, depletion). Thirty 
micrograms of mitochondrial and cytosolic proteins were loaded per lane. Caspase-8 and VDAC1 were used as cytosolic and mitochondrial markers, respectively, 
(c) Cytofluorimetric analysis of mitochondrial superoxide levels in SAOS-2 cells kept in complete medium (Basal) or without serum and glucose for 16 h (DepI, depletion). 
Where indicated, the HK II inhibitor 5-TG (10 mM) was added. Bars represent mean fluorescence values ± S.D. (n = 4, **P< 0.01 ; ***p< 0.001 ) (d) Cytofluorimetric analysis 
of cell death was performed as in Figure 1 e on SAOS-2 cells kept in complete medium (Basal) or after 1 6 h of serum and glucose depletion (DepI) in the presence of either CsH 
(1.6(iM) or 5-TG (10mM). Bars represent mean percentages ±S.D. (n = 3, **P<0.01). (e) Western immunoblot of mitochondrial and cytosolic fractions (50 /ug each) 
isolated from SAOS-2 mock cells depleted of serum and glucose (8 h) with or without 5-TG (10 mM). Caspase-8 was used as a cytosolic marker, VDAC1 and Tom-20 as 
mitochondrial markers. The bar graph shows the densitometric quantification of HK II bands in mitochondrial fractions of SAOS-2-mock cells, corrected for the relative amounts 
of VDAC1, Tom-20 and CyP-D. Obtained values were normalized to DepI condition, (f) Cytofluorimetric analysis of mitochondrial superoxide in complete medium (Basal) or 
after 8 h serum and glucose depletion (DepI) in the absence or presence of the HK II displacing peptide (TAT-HK, 20 ^M). TAT-HK II peptide was added for the last 45 min 
before the detachment of the cells. Bars represent mean fluorescence values ± S.D. (n = 4, *P<0.05; **P<0.01) 



DMPK-expressing cells (Figure 3e). In an in vitro assay, 
Src could phosphorylate DMPK on Tyr residues (Figure 4a), 
and the immunoprecipitation of phospho-Tyr residues indi- 
cated that Tyr phosphorylation of DMPK was increased 
in starved SAOS-2 cells (Figure 4b). To confirm this 
phosphorylation, we expressed in SAOS-2 cells a FLAG- 
tagged DMPK, whose immunoprecipitation in starvation 
conditions further showed a Src-dependent Tyr phosphoryla- 
tion of DMPK (Figure 4c). The KD DMPK mutant is unable to 
shield cells from oxidative stress (see Figure 1 ). We found that 
in in vitro conditions, DMPK can phosphorylate Src on Ser/Thr 
residues (Figure 4d), which was reported to enhance Src 
activity. 41 Taken together, these observations imply that both 
DMPK and Src are required to increase HK II association with 
the OMM, and that the assembly of this protective multimeric 
complex can be modulated by the kinase activity of Src and 
DMPK. 



In a mirror strategy of analysis of DMPK function, we 
performed stable DMPK RNA interference on human rhabdo- 
myosarcoma (RD) cells, which arise from muscle precursor 
cells. Silenced cells (termed RD-shDMPK) showed a 
reduction of more than 90% of both 75kDa mitochondria- 
bound and 70kDa cytosolic DMPK isoforms (Figure 5a and 
Figure 6a). As in SAOS-2 cells, DMPK presence maintained 
the levels of mitochondrial superoxide low in RD-mock cells 
(Figure 5b), shielding from the lethal effects of the oxidative 
insults generated by the serum and glucose withdrawal 
(Figures 5c and d). Levels of oxidized glutathione were 
increased in DMPK-short hairpin RNA cells, without signifi- 
cant differences in the levels of total glutathione, mitochon- 
drial MnSOD or in the activity of glutathione reductase and 
thioredoxin reductase (Supplementary Figure S4). In good 
match with our observations on the SAOS-2 model, in RD cells 
(i) the presence of DMPK favored HK II association with the 
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Figure 3 DMPK interacts with HK II and Src in SAOS-2-DMPK cells, (a) Immunoprecipitation (IP) of HK II on lysates obtained from SAOS-2 cells grown in complete medium 
(B, basal) or after 8 h of serum and glucose depletion (D). GAPDH was used to exclude the presence of residual supernatant contamination in IP. (b) IP of Src on lysates obtained 
from SAOS-2 cells grown in complete medium (B) or after 8 h of serum and glucose depletion (D). (c) Pulldown of the Src GST-SH3 domain on SAOS-2-DMPK cell lysates with or 
without a SH3 competing proline-rich peptide (200 fM). The GST domain was used as a negative control, and GAPDH as a loading control, (d) Mitochondrial and cytosolic proteins 
(30 fig) were isolated from cells grown in complete medium (B) or from cells depleted of serum and glucose for 8 h (D). Caspase-8 and VDAC1 were used as cytosolic and 
mitochondrial markers, respectively, (e) Cytofluorimetric analysis of cell death was performed as in Figure 1e on SAOS-2 cells treated either with a control peptide or with a HK II 
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mitochondria (Figure 6a), (ii) the mitochondrial DMPK iso- inhibition followed by treatment with the TAT-HK II peptide 
form(s) interacted with HK II (Figure 6b), (iii) both DMPK and HK markedly depolarized mitochondria of mock, DMPK-expressing 
II co-immunoprecipitated with Src (Figure 6c) and (iv) Src cells, whereas it was ineffective on shDMPK cells (Figure 6d). 
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Figure 5 Silencing of endogenous DMPK in RD cells increases mitochondrial superoxide and cell death, (a) Western immunoblot of total cell lysates (50 ^g) of RD-mock 
and RD-shDMPK cells. Endogenous DMPK is present in RD-mock cells as mitochondrial high MW isoforms (75 kDa) and cytosolic low MW (70 kDa) isoforms. GAPDH was 
used as a loading control, (b) Cytofluorimetric analysis of mitochondrial superoxide levels of RD cells grown in complete medium (Basal) or after 24 h of serum and glucose 
depletion (Depl). Where indicated, depletion was carried out in the presence of NAC (2.5 mM). Bars represent mean fluorescence values ±S.D. (n=3, **P<0.01). 
(c) Cytofluorimetric analysis of cell death was performed as in Figure 1 e on RD cells grown in complete medium (Basal) or after 24 h of serum and glucose depletion (Depl). 
Bars represent mean percentages ± S.D. [n=3, *P<0.05) of viable, Annexin-V and propidium iodide negative, cells, (d) Representative traces of cytofluorimetric cell death 
analyses by Annexin-V and propidium iodide staining are shown as in Figure 1f. Numbers indicate the percentages of viable cells 



RD cells possess muscle-specific transcription factors such 
as MyoD (Figure 7a) and can undergo in vitro myogenic 
differentiation leading to myotube formation. This can be 
elicited by lowering the extracellular concentration of TGF-/? 
via phorbol ester stimulation in low serum conditions. 42 After 7 
days of in vitro differentiation, RD-mock cells expressed adult 
myosin heavy chain (MHC MF20; Figure 7a), a sarcomeric 
motor protein that is a hallmark of differentiated adult 
muscle, 43 and formed multinucleated myotubes (Figure 7b). 
Conversely, RD-shDMPK cells did not undergo differentiation, 
yet the ability to express MHC MF20 and to form myotubes 
was recovered by adding NAC in the differentiation medium 
(Figures 7a and b). After 7 days of differentiation, mitochon- 
drial superoxide levels were increased and this rise was 
higher in RD-shDMPK cells as compared with mock cells. 
NAC prevented the superoxide rise in shDMPK cells 
(Figure 7c) and inhibited caspase-3 activation (Figure 7a), 
suggesting that ROS-induced cell death contributed to the 
lack of myotube formation in RD-shDMPK cells. 

Discussion 

In the present study we have identified a novel biological 
function of DMPK, which requires the formation of a multi- 
meric complex with HK II and the tyrosine kinase Src on the 



OMM. The tight functional interplay among DMPK, HK II and 
Src protects from oxidative insults, shielding cells from the risk 
of lethal PTP opening. We also observed a previously 
undetected Tyr phosphorylation of DMPK, which is enhanced 
under starvation conditions that expose cells to a robust 
oxidative stress. Consistently, in these conditions both the 
interaction between DMPK and Src, and the Src kinase 
activity markedly increase. Src activation is a master event in 
the preservation of normal cell homeostasis, and it regulates 
cytoskeleton organization, maintenance of normal intercellu- 
lar contacts, and cell adhesion, motility, proliferation and 
survival. 44 A growing body of evidence indicates that Src has a 
pivotal role in the Tyr phosphorylation of mitochondrial 
proteins, which is emerging as a major regulation pathway 
of mitochondrial functions such as respiration and ATP 
synthesis and apoptosis modulation. 37,45 In order to attain 
its maximal kinase activity, Src must undergo autopho- 
sphorylation at the Tyr416 residue in the activation loop and 
a further cysteine oxidation on this already open conformation 
of the enzyme. 35 Therefore, environmental conditions that 
prompt an increase in intracellular ROS levels induce full Src 
activation, which in turn is involved in the regulation of 
localized ROS production. 35 Taken together, these observa- 
tions make Src a specific sensor of intracellular redox state, 
placing it at the center of feedback regulatory loops that keep 
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Figure 6 Endogenous mitochondrial DMPK interacts with HK II and Src in RD cells, (a) Western immunoblot of mitochondrial and cytosolic fractions (30 fig each) obtained 
from RD-mock and RD-shDMPK cells grown either in complete medium (B, basal conditions) or kept for 24 h without serum and glucose (D, depletion). Caspase-8 and SDHA 
were used as cytosolic and mitochondrial markers, respectively. The bar graph reports the densitometric analysis of HK II bands in mitochondrial fractions, corrected for the 
amount of SDHA and normalized to basal condition of RD-mock cells, (b and c) IP of HK II (b) and of Src (c) on lysates from RD-mock and RD-shDMPK cells. Total cell lysates 
(50 fig) were used as loading controls; GAPDH was used to exclude the presence of residual supernatant contamination in the IP. (d) Cytofluorimetric analysis of mitochondrial 
depolarization by TMRM staining of RD cells. Cells were treated either with a control peptide or with a HK II peptide linked to the TAT sequence (TAT-Ctr or TAT-HK II, 
respectively, 20 fiM each) for 45 min; where indicated, cells were preincubated with the Src inhibitor Srcl-1 (10 ^M) for 30 min. Bars represent mean percentages ± S.D. 
(n = 5, *P< 0.001) of cells whose mitochondria maintained a high TMRM staining, that is, their mitochondrial membrane potential 
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Figure 7 Lack of endogenous DMPK impairs myotube formation of RD cells by increasing oxidative stress, (a) Western immunoblot of RD cells grown in complete medium 
(basal) or after 7 days of differentiation. Where indicated, differentiation was carried out in the presence of NAC. Adult MHC MF20 was used as a marker of myotube formation; 
cleaved caspase-3 as an indicator of apoptosis and GAPDH as a loading control. Bar graphs report the densitometric analysis of cleaved caspase-3 fragments (19 and 
17 kDa), corrected for the amount of GAPDH and normalized to basal conditions of RD-mock cells, (b) Immunofluorescence on RD cells after 7 days of differentiation. Adult 
MHC MF20 and Hoechst were used to stain myotubes and nuclei, respectively. As expected, myotubes are endowed with multiple nuclei; where indicated, differentiation was 
carried out in the presence of NAC. (c) Cytofluorimetric analysis of mitochondrial superoxide levels in RD cells grown in complete medium or after 7 days of differentiation. 
Experimental conditions are as in (a); values indicate Mitosox fluorescence ± S.D. (n = 5, **P<0.01; ***P< 0.001) 



Cell Death and Disease 



Death inhibition by mitochondrial DMPK/HK ll/Src 

B Pantic etal 



intracellular redox homeostasis. We find that Src protects 
from ROS-dependent PTP opening caused by HK II detach- 
ment from the mitochondria. This protection occurs in a 
DMPK-sensitive fashion, as the inhibition of Src enzymatic 
activity selectively affects the viability of DMPK-expressing 
cells, in accord with a general survival and antioxidant function 
of mitochondrial Src. Moreover, we have shown that the 
kinase activity of DMPK is required for its antioxidant function, 
and that DMPK directly binds the SH3 domain of Src. We also 
observe that, at least in in vitro conditions, DMPK can 
phosphorylate Src on Ser/Thr residues, which contributes to 
Src activation. 41 Therefore, a feedback loop can be envisaged 
in which conditions of oxidative stress conditions boost Src 
activity, leading to an activating Tyr phosphorylation of DMPK. 
In turn, active DMPK would phosphorylate Src on Ser/Thr 
residues, thus contributing to the maintenance of its induction. 
At variance from our observations, a pro-apoptotic role was 
attributed to the human DMPK-A isoform when transiently 
expressed in different mouse cell lines, where it locates to the 
mitochondria. 16 However, the same apoptosis induction was 
caused by expressing only the C-terminal tail of DMPK, 
raising the possibility that the observed noxious effects were 
directly caused by some peculiar properties of the mitochon- 
dria-anchoring tail rather than by the function of the kinase. 

We demonstrate that DMPK promotes the mitochondrial 
binding of HK II, which directly blocks the increase in 
mitochondrial superoxide levels elicited by starvation. Indeed, 
the mitochondrial detachment of HK II by a selective peptide 
not only amplifies the ROS surge caused by the serum and 
glucose depletion but it also annihilates differences in ROS 
levels between cells with or without DMPK. The antioxidant 
function of HK II relies on its mitochondrial binding perse and it 
is independent of its enzymatic activity, as (i) it occurs under 
conditions of glucose depletion, that is, in the absence of the 
HK II substrate and (ii) it is enhanced by a HK II blocker, 5-TG, 
which competes for glucose in the active site of the enzyme 
and increases HK II binding to the mitochondria. Accordingly, 
it was shown that the mitochondrial localization of catalytically 
inactive HK I or II protects against oxidative insults. 29 
Nevertheless, a molecular dissection of the mechanism(s) 
by which the mitochondrial HK II safeguards cells from 
potentially lethal insults is still lacking. We and others have 
demonstrated that the mitochondrial binding of HK II prevents 
the opening of the PTP and the ensuing cell death, 40,46-48 and 
it is largely established that ROS are a powerful PTP 
inducer. 26 Thus, the antioxidant function of the mitochondrial 
HK II could have a key survival role by maintaining the PTP 
locked, as recently proposed for cardiomyocytes. 30 It remains 
unclear how HK II takes part in ROS regulation. It was 
proposed that mitochondrial HKs could protect from oxidative 
damage by eliciting PKCe-mediated phosphorylation of the 
voltage-dependent anion channel (VDAC) in the OMM, even if 
this model does not explain how phosphorylated VDAC could 
maintain a low redox level 29 

Here we have shown that the interaction among HK II, 
DMPK and Src is crucial to keep redox homeostasis under 
control. In principle, this could be achieved by decreased ROS 
production, by increased ROS scavenging or both. Although 
increased scavenging cannot be completely ruled out, all the 
ROS scavenging systems that we have analyzed did not show 



any DMPK-related difference. On the other hand we observed 
an increased pool of oxidized glutathione after glucose 
starvation in cells without DMPK. In the absence of glucose, 
cells cannot reduce glutathione, as this reaction requires 
NADPH generated in the pentose phosphate pathway down- 
stream to glucose phosphorylation. Thus, in cells lacking 
DMPK, starvation could elicit a stronger oxidative stress, 
depleting the antioxidant activity of the glutathione system. 
The main sources of mitochondrial superoxide are respiratory 
chain complexes, and changes in their activity can crucially 
contribute to altered redox homeostasis that can lead to PTP 
opening. 49 We could not measure any difference in the rate 
of oxygen consumption between cells with or without DMPK, 
not even under starvation conditions. However, we cannot 
exclude that more subtle regulatory events on specific 
respiratory complexes occur in DMPK-expressing cells. Both 
skeletal muscle fibers and cardiomyocytes boost mitochondrial 
respiration, on which they heavily rely for ATP synthesis; thus, 
even small changes in respiration could account for differences 
in superoxide levels. 

It is tempting to speculate on the possible implications of our 
findings on DM1 pathogenesis. Both dmpk"^ mice 50 and 
DM1 patients 51 show insulin insensitivity, which was related to 
a switch in the expression of insulin receptor isoforms. As it 
was proposed that redox dysregulation following a rise in 
mitochondrial ROS is a major factor in the onset of insulin 
resistance, 52,53 this phenotypic trait could be related to DMPK 
haploinsufficiency in DM1. Moreover, mitochondrial dysfunc- 
tion could be involved in the selective atrophy of type 1 (slow) 
fibers that characterizes DM1, 54,55 as these fibers are 
prevalent in the red, mitochondria-rich muscles. 56 

We have also observed that the antioxidant activity of the 
DMPK/HK ll/Src complex is essential for myotube differentia- 
tion of RD cells. Sequential redox changes are coupled 
to muscle contraction activity 23,24 and disruption of redox 
equilibria is observed in diverse muscle diseases 25 Never- 
theless, little is known on the role played by oxidants in the 
process of muscle differentiation. Our data argue for the 
importance of keeping the mitochondrial superoxide levels 
low during myotube formation, possibly in order to avoid PTP 
induction and the ensuing commitment to death of the 
differentiating cells. Given the complex and dynamic regula- 
tion of ROS homeostasis, even a partial loss of DMPK 
function could have important effects on muscle differentia- 
tion, with major implications for DM1 pathogenesis. 

In conclusion, the existence of a multimolecular complex 
composed by DMPK, HK II and Src on the mitochondrial 
surface, and its role in redox regulation could have important 
pathophysiological implications that extend beyond regulation 
of myogenesis. 

Materials and Methods 

Cell cultures and plasmid constructs. The cDNA of human DMPK 
isoform A (NM_004409.3, Origene, Rockville, MD, USA) was sub-cloned into the 
pcDNA3.1( + ) vector (Invitrogen, Carlsbad, CA, USA) and stably expressed in 
human osteosarcoma SAOS-2 cells selected with 150 ^g/ml of zeocin (Invivogen, 
San Diego, CA, USA). The KD DMPK mutant was obtained by mutating DMPK 
lysine 100 into alanine with a QuikChange II XL Site-Directed Mutagenesis Kit 
(Agilent, Santa Clara, CA, USA) and stably expressed in human osteosarcoma 
SAOS-2 cells selected with 150/^g/ml of zeocin. Mutagenic primers were: 
S'-CGGGCCAGGTGTATGCCATGGCAATCATGAACAAGTGGGACAT-S' (forward) 
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and 5 , -ATGTCCCACTTGTTCATGATTGCCATGGCATACACCTGGCCCG-3 / 
(reverse); mutagenesis was confirmed by sequencing, and obtained constructs 
were dubbed pcDNA3.1-DMPK KD. A FLAG epitope was added at the N-terminus 
of wild-type DMPK by a PCR reaction carried out with a Phusion HF DNA 
polymerase (New England Biolabs, UK) using the forward 5'-CCGGAATTCTG 
AAATGTTATGGACTACAAGGATGACGATGACAAATCAGCCGAGGTGCGGCTGA 
GGCGGC-3' and the reverse 5'-ATAGTTTAGCGGCCGCTCAGGGAGC 
GCGGGCGGCTCCTGGG-3' primers. The amplification product was sub-cloned 
into pcDNA3.1 ( + ) and used for transient expression in SAOS-2 wild-type cells. 
Endogenous DMPK was stably silenced in human RD cells by Mission short hairpin 
RNA sequences in pl_K0.1-PURO vector (Sigma, St. Louis, MO, USA); transfected 
cells were selected with 1 ^g/ml puromycin. Serum and glucose depletion was 
performed for the indicated times after washing cells twice in PBS by adding DMEM 
without serum and glucose (Sigma) containing 4 mM L-glutamine, 1 mM sodium 
pyruvate, 44mM sodium bicarbonate and 10 mM HEPES. RD cells were 
differentiated in DMEM supplemented with 2% FBS, 10 /.ig/ml insulin and 100 nM 
phorbol 12-myristate 13-acetate. The cell permeable synthetic peptides MIASHL- 
LAYFFTELN-^A-GYGRKKRRQRRRG (TAT-HK II) and GYGRKKRRQRRRG-/?A- 
EEEAKNAAAKLAVEILNKEKK (TAT-Ctr) were prepared by solid-phase peptide 
synthesis using a multiple peptide synthesizer (Syroll, MultiSynTech GmbH, Witten, 
Germany), as described previously. 40 

Chemicals and antibodies. FITC-conjugated Annexin-V was from 
Roche (Basel, Switzerland); Mitosox and tetramethylrhodamine methyl ester 
(TMRM) were from Molecular Probes (Carlsbad, CA, USA); Srcl-1 was from Tocris 
Bioscience (Minneapolis, MN, USA); and all other chemicals were from Sigma. 
The mouse monoclonal anti-HK II, anti-DMPK and anti-SDHA antibodies, and the 
rabbit polyclonal anti-PARP, anti-MyoD, anti-Tom-20 and goat polyclonal anti- 
Calnexin antibodies were from Santa Cruz Biotechnology (Santa Cruz, CA, USA); 
the rabbit polyclonal anti-DMPK antibodies were from; 5 the mouse monoclonal 
anti-GAPDH and anti-Src antibodies were from Millipore (Billerica, MA, USA); the 
rabbit polyclonal anti-Caspase-8 antibody was from BD Bioscience (San Jose, CA, 
USA); the rabbit polyclonal anti-AIF antibody was from Exalpha Biologicals 
(Shirley, MA, USA); the mouse monoclonal anti-CyP-D and sheep polyclonal anti- 
Mn-SOD antibodies were from Calbiochem (Billerica, MA, USA); the mouse 
monoclonal anti-MHC MF20 antibody was from DSHB (University of Iowa, Des 
Moines, IA, USA); the mouse monoclonal anti-pTyr100 antibody and the rabbit 
polyclonal anti-pSrcY416, anti-Bcl-X, anti-Omi, anti-cPLA2 and anti-cleaved caspase- 
3 antibodies were from Cell Signaling (Danvers, MA, USA); the mouse monoclonal 
anti-VDAC1 antibody was a generous gift of Mario Zoratti (University of Padova, 
Padova, Italy); the mouse monoclonal anti-pSerine and anti-pThreonine were from 
Qiagen (Venlo, the Netherlands); the mouse monoclonal anti-FLAG was from Agilent 
and goat polyclonal anti-GST was from GE Healthcare (Waukesha, Wl, USA). All 
other chemicals were form Sigma. 

Cell lysis, fractionation and western immunoblot analyses. Total 
cell extracts were prepared at 4°C in 140 mM NaCI, 20 mM Tris/HCI (pH 7.4), 
5mM EDTA, 10% glycerol and 1% Triton X-100 in the presence of phosphatase 
and protease inhibitors (Sigma). All lysates were kept for 30min on ice and then 
cleared by centrifugation at 4°C and 14000 x g for 25min. Protein content was 
determined with BCA Protein Assay Kit (Thermo Scientific-Pierce, Waltham, MA, 
USA). To prepare mitochondrial extracts, cells were placed in an isolation buffer 
(250 mM sucrose, 10 mM Tris/HCI, 10 mM EGTA/Tris, pH 7.4 with phosphatase 
and protease inhibitors) and homogenized at 4°C. Mitochondria were then 
isolated by differential centrifugation (three times, the first at 700 x g and twice at 
7000 xg, all at 4°C, 10min each) in mitochondrial isolation buffer. Protease 
digestion of isolated mitochondria was performed in isolation buffer without protease 
inhibitors for 1 h at 4 °C. After inactivating trypsin, mitochondria were spun 
(18000 x g for 10min) and lysed. SDS (0.1% w/v) was added to solubilize any 
residual protease-resistant compartment. Immunoprecipitations were performed with 
2mg of extracted proteins and 4^g of primary antibody per sample. SAOS-2-DMPK 
or RD-mock total cell lysates were incubated with equal amounts of Sepharose A or 
Sepharose G (GE Healthcare) as negative controls. Western immunoblots were 
carried out under standard conditions, and proteins were visualized by enhanced 
chemiluminescence (Millipore and Euroclone, Milan, Italy). Densitometric analysis was 
performed with Quantity One software (Bio-Rad Laboratories, Hercules, CA, USA). 

GST pull-down experiments. GST pull-down assays were performed on 
500 /^g of pre-cleared total cell lysate of SAOS-2-DMPK cells. Five micrograms of 



recombinant GST or Src SH3-GST domain (Jena Bioscience, Jena, Germany) 
were incubated with GST-capture beads (MabTag, Friesoythe, Germany) 
overnight at 4°C in the presence of a proline-rich peptide (200 ^M, generous 
gift of Dr. Elena Tibaldi, University of Padova) in lysis buffer supplemented with 
protease and phosphatase inhibitors. 

Phosphorylation assays. In vitro phosphorylation assays were performed 
on recombinant DMPK and active Src (Millipore) according to the manufacturer's 
instructions. Briefly, proteins were diluted in 20 mM MOPS/NaOH pH 7.0, 1 mM 
EDTA, 5% glycerol, 0.01% Brij-35, 0.1% 2-mercaptoethanol, 1 mg/ml BSA to the 
final concentration and incubated for 20 min at 30 °C in 25 fi\ reactions containing 
8mM MOPS/NaOH pH 7.0, 0,2 mM EDTA, 10mM MgAc, 100/^M ATP, protease 
and phosphatase inhibitors. 

Flow cytometry analyses. Flow cytometry recordings were performed 
as described previously 57,58 to detect the mitochondrial depolarization (loss of 
TMRM staining), phosphatidylserine exposure on the cell surface (increased FITC- 
conjugated Annexin-V staining) and loss of plasma membrane integrity (propidium 
iodide staining, 1 ^g/ml). In addition, mitochondrial superoxide levels were 
assessed by Mitosox staining, and mitochondrial mass by nonyl acrydil orange 
(NAO, 20 nM) staining, as it binds the mitochondrial membrane lipid cardiolipin. 
Mitosox (1 fiM) and TMRM (20 nM) were incubated together with the plasma 
membrane multidrug resistance pump inhibitor CsH (1.6^M, 30 min), to avoid 
non-specific cell extrusion of the probes. Samples were analyzed on a FACSCanto 
II flow cytometer (Becton Dickinson, Franklin Lakes, NJ, USA). Data acquisition 
and analysis were performed using FACSDiva software (Becton Dickinson). 

Immunofluorescence experiments. Cells were washed in PBS, fixed in 
4% paraformaldehyde for 15 min, washed again in PBS and permeabilized in PBS 
with 0.1% of Triton and 50 mM NH 4 CI for 10 min. The primary antibody MHC MF20 
was added at 1 : 200 dilution in PBS with 2% goat serum and incubated overnight 
at 4 °C after a sample preincubation in 2% goat serum at room temperature for 

I h. The secondary antibody (Alexa Fluor 555 Goat Anti-Mouse lgG2b, Molecular 
Probes) was incubated at 1 : 400 dilution in PBS with 2% goat serum for 1 h at RT. 
Hoechst (1 ^g/ml) was added for 10 min to stain the nuclei. Images were acquired 
with a Leica (Wetzlar, Germany) DM IRB inverted fluorescence microscope 
equipped with a Leica DF300 FX digital camera. Data analysis was performed with 
Leica IM50 software, and image overlay was carried out with ImageJ software 
(http://rsb.info.nih.gov/ij/). 

Assay of thioredoxin and glutathione reductase activities. 

After an 8-h incubation in complete or serum- and glucose-free medium, cells were 
lysed with a modified RIPA buffer (150mM NaCI, 50 mM Tris-HCI, 1 mM EDTA, 
0.1% SDS, 0.5% DOC and 1% Triton X-100) supplemented with 1 mM NaF and 
with an antiprotease cocktail (Roche) containing 0.1 mM PMSF. After 40 min of 
ice-cold incubation, lysates were centrifuged (14000 x g, 5 min), and supernatant 
aliquots were used for the assessment of enzyme activities. Thioredoxin reductase 
determination was performed adding 0.25 mM NADPH to samples placed 
in a 0.2 M Na + K + phosphate buffer (pH 7.4), with 5mM EDTA and 1 mM 
5,5 / -dithiobis(2-nitrobenzoic) acid and monitored as increase of absorbance at 
412 nm. Glutathione reductase activity was determined adding 1 mM GSSG to 
samples placed in 0.1 M Tris/HCI buffer (pH 8.1) containing 0.2 mM NADPH; 
reactions were followed spectrophotometrically at 340 nm at 25 °C. 

Glutathione measurements. After an 8-h incubation period in complete or 
serum- and glucose-free medium, cells were lysed and deproteinized with an 
aqueous solution of 6% meta-phosphoric acid. After 10 min at 4 °C, samples were 
centrifuged and the supernatants were neutralized with 15% Na 3 P0 4 and tested 
for total glutathione. Sample aliquots were derivatized with 2-vinylpyridine in order 
to remove the reduced glutathione and determine the oxidized glutathione. 
Deproteinized samples were washed with 1 ml of ice-cold acetone, centrifuged at 

II 000 x0, dried and then dissolved in 62.5 mM Tris/HCI buffer (pH 8.1) 
containing 1% SDS and utilized for protein determination. 

Intracellular ATP determination. ATP levels were measured on 10 5 cells 
with the ATP Determination Kit (Molecular Probes) following the manufacturer's 
instructions. Cells were incubated for 8 h in complete or serum- and glucose- 
depleted medium, and the ATP synthase inhibitor oligomycin (6 ^M) was added 
for the last 45 min. Cells were lysed in boiling deionized water to denature 
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cellular ATPases The ATP content was determined with a Fluoroskan Ascent 
FL instrument (Thermo Fisher Scientific, Waltham, MA, USA) by recording the 
bioluminescence produced by firefly luciferase and normalized to the amount of 
protein. 

OCR analysis. OCR was measured in situ as reported. 60 Briefly, monolayers 
of adherent cells were analyzed with an XF-24 Extracellular Flux Analyzer 
(Seahorse Bioscience, North Billerica, MA, USA). Cells (3 x 10 4 per well) were 
plated the day before the experiment in DMEM. One hour before the experiment, 
cells were incubated in a DMEM medium without serum supplemented with 4 mM 
glutamine, 1 mM sodium pyruvate, 10mM HEPES, with or without 25 mM glucose. 
Four sequential injections of compounds that affect mitochondrial respiration were 
performed, in order to measure basal OCR at the beginning of the recordings, the 
coupled OCR fraction by using the ATP synthase inhibitor oligomycin, the maximal 
OCR by titrating the respiration uncoupler carbonyl cyanide-4-(trifluoromethoxy) 
phenylhydrazone (FCCP) and the mitochondria-independent OCR by adding the 
respiratory chain complex I and complex III inhibitors rotenone and antimycin A, 
respectively. OCR values were then normalized to the sample protein content. 

Statistical analysis. All experiments were performed at least three times, 
and statistical analysis was carried out using a two-tailed Student's f-test. Data are 
presented as mean±S.D. Statistical significance was indicated as *P<0.05; 
**P<0.01 and ***P<0.001. 
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